The membrane-spanning protein PIC1 (permease in chloroplasts 1) in Arabidopsis thaliana was previously described to mediate iron transport across the inner envelope membrane of chloroplasts (Duy et al., 2007). The albino phenotype of pic1 knockout mutants was reminiscent of iron-deficiency symptoms and characterized by severely impaired plastid development and plant growth. In addition, plants lacking PIC1 showed a striking increase in chloroplast ferritin clusters, which function in protection from oxidative stress by sequestering highly reactive free iron in their spherical protein shell. In contrast, PIC1 overexpressing lines (PIC1ox) of the current study rather resembled ferritin loss-of-function plants. PIC1ox plants suffered from oxidative stress and leaf chlorosis, most likely originating from Fe-overload in chloroplasts. Further during growth, plants were characterized by reduced biomass as well as severely defect flower and seed development. As a result of PIC1 protein increase in the inner envelope membrane of plastids, flower tissue showed elevated levels of iron, while the content of other transition metals (Cu, Zn, Mn) remained unchanged. Seeds, however,
INTRODUCTION
Chloroplasts originated about three billion years ago from endosymbiosis of an ancestor of today's cyanobacteria with a mitochondria-containing host cell (Moreira et al., 2000; Palmer 2000) . During evolution chloroplasts in higher plants established as the site of photosynthesis and thus became the basis for all life dependent on oxygen and carbohydrate supply. To fulfil this task, plastid organelles are loaded with the transition metal iron, which due to its potential for valency changes is essential for photosynthetic electron transport (Raven et al., 1999) . In consequence, chloroplasts represent the Fe-richest system in plant cells (Terry and Low 1982) . However, the improvement of oxygenic photosynthesis in turn required adaptation of processes related to iron transport and homeostasis: (i) Oxidation of soluble ferrous (Fe 2+ Metal-catalyzed generation of reactive oxygen species (ROS, Halliwell and Gutteridge 1992) causes oxidative damage and requires tight control of transport, storage and cofactorassembly of metal ions (Kosman 2010) . Studies on plants with abnormally high Fe-levels therefore show increased ROS-levels and promotion of oxidative stress responses (Kampfenkel et al., 1995; Caro and Puntarulo 1996; Pekker et al., 2002) . This is most acute in Fe-rich chloroplasts, where radicals and transition metals are side by side and production of ROS-like hydrogen peroxide (H 2 O 2 ) is a usual feature of photosynthetic electron transport (Asada 1999; Mubarakshina et al., 2010) . Thus, on the one hand when bound in FeS-cluster or heme proteins, chloroplast-intrinsic iron is a prerequisite for photoautotrophic life, but on the other hand is toxic when present in its highly reactive, hydroxyl-radical generating, free ionic forms. In consequence, plastid Fe-homeostasis and transport has to be tightly controlled and is crucial throughout plant development and growth. (Conte et al., 2009) . Although MAR1/IREG3 specifically imports aminoglycoside antibiotics, due to sequence similarity to the metal transporters IREG1, IREG2 (Schaaf et al., 2006; Morrissey et al., 2009 ) and the fact that MAR1
overexpression is causing leaf chlorosis that can be rescued by iron, the authors suggest that naturally MAR1/IREG3 functions in uptake of the Fe-chelating polyamine nicotianamine (NA) into chloroplasts (Conte et al., 2009; Conte and Lloyd 2010) .
With PIC1, we previously identified the first molecular component of the plastid Fetransport pathway in the inner envelope membrane (Duy et al., 2007) . PIC1 was able to complement growth of Fe-uptake deficient yeast by mediating Fe-accumulation within cells.
Besides their severe dwarf, albino phenotype that resembled iron-deficiency symptoms in plants, the most striking feature of pic1 knockout mutants was the accumulation of ferritin protein clusters. Plastid-localized ferritins represent the central component for balancing iron homeostasis, because they precipitate and store free iron in their oligomeric protein shell and thus withdraw this highly reactive metal from intracellular generation of ROS (for overview Briat et al., 2010) . By generating plant lines overexpressing the Fe-permease PIC1, we here provide additional evidence that the function of PIC1 in the inner envelope of chloroplasts (Fe-transport) is tightly linked to ferritin (Fe-storage) and Fe-homeostasis. Thus, both plastid proteins represent key players in regulating iron transport and metabolism as well as metalgenerated oxidative stress. Further, PIC1 overproduction raised Fe-levels in chloroplasts and specifically changed Fe-content in flowers (increase) and seeds (decrease). By mediating Feuptake and sequestering processes in plastids, PIC1 is therefore crucial for plant growth and development in general and in particular for fruit maturation.
To analyze PIC1 increase on the protein level, we subjected proteins from 5-week-old rosette leaves of the heterozygous 35S::PIC1 lines #2 and #4 to immunoblot analysis (Fig.   2B ). In the extract from chlorotic leaves, the PIC1 antibody detected a strong signal at about 26.5 kDa, corresponding to the predicted size of the overexpressed mature PIC1 construct.
Please note that due to the presence of a C-terminal tag of 4 kDa, the overexpressed PIC1 protein is bigger than the endogenous mature form of PIC1 (22.5 kDa, compare Duy et al., 2007) . Because the same construct was able to complement the strong pic1 knockout phenotype, we deduce that the introduced PIC1 preprotein (construct of 36.2 kDa) in the 35S::PIC1 lines #2 and #4 was properly processed by the chloroplast stromal peptidase and correctly inserted into the inner envelope membrane. Chloroplast-intrinsic PIC1 proteins were confirmed by immunoblotting on mature leaves, flowers and purified chloroplasts (Fig. 2C ).
Again the PIC1 antibody specifically labeled proteins only in tissue of the heterozygous 
The Phenotype of PIC1ox Plants Closely Resembles Mutants Lacking Ferritin and is

Most Likely Caused by Fe-overload in Chloroplasts
During further growth and development of PIC1ox plants, the yellow-green leaf phenotype became more pronounced. Chlorosis was first visible at the central vein, then spreading over the entire surface in mature leaves (Fig. 3A) . In 4-week-old leaves this lead to a decrease in chlorophyll a and b by 50% when compared to wild-type plants ( Fig. 3B; Supplemental Table S1 ). Staining of 6-week-old rosette leaves (Fig. 3C ) revealed that chlorosis was accompanied by production of H 2 O 2 , most likely originating from chloroplasts (Mubarakshina et al., 2010) . Underlining the proposed function of PIC1 in Fe-uptake (Duy et al., 2007) , we further found that mature chloroplasts of PIC1ox line #2 contained about threefold more iron than corresponding wild-type organelles ( Fig. 3D ; Supplemental Table S1 ).
Investigation of ultrathin sections of leaves with transmission electron microscopy ( Fig. 4) showed significant differences of chloroplast ultrastructure in PICox lines #2 and #4 compared to wild type: small membrane vesicles with an electron-translucent matrix (diameter about 70 nm) were accumulated throughout the stroma of PIC1ox mesophyll chloroplasts. Due to the presence of numerous, significantly smaller vesicles in vicinity of the inner plastid envelope, they most likely originated by budding from this membrane. The structure of mitochondria and peroxisomes, however, was not altered when compared to wildtype cells.
Although the developmental stage was similar to that of Col-0, PIC1ox plants produced less biomass. When measured just before bolting in 39-day-old plants, the rosette dry weight of PIC1ox line #2 was only 28% of the corresponding wild types (Supplemental Table S1 ). In general, adult PIC1ox plants were smaller in size and of a bushy appearance, characterized by the absence of a central inflorescence stalk (Fig. 5A ). Bolting of flowers occurred simultaneously with wild type, however, further silique and seed development were severely impaired. Either siliques did not reach their full size, producing small and shrivelled seeds or even empty, crumpled siliques appeared (Fig. 5 , B and C). In consequence, these defects in fruit development of PIC1ox plants lead to a drastic reduction in seed yield and weight (Fig. 5, D and E) as well as to a dramatically reduced seed germination rate (between 0-15%). The latter was more severe in PIC1ox #4, resulting in almost no viable seed progeny of this line.
Therefore, subsequent analyses could only be performed on plants of the PIC1ox line #2. When we measured metals in dry PIC1ox seeds, we found that iron content per seed grain was significantly reduced (Fig. 6A) , while the concentration of the transition metals copper, zinc and manganese did not change (Supplemental Table S2 ), indicating a PIC1 impact on seed iron loading. To test whether Fe-deficiency or overload might influence germination of PIC1ox lines, we found that neither addition of Fe(III)-EDTA (100 µM) nor of the Fechelator ferrozine (300 µM) increased or decreased germination of PIC1ox lines #2 and #4
(not shown). In contrast to seeds, impaired flower development in PIC1ox plants, however, was accompanied by an increase in Fe-concentration (Fig. 6B) . Again changes were Fespecific, because Cu, Mn, and Zn were unchanged when compared to wild type (Supplemental Table S2 ).
In summary, we conclude that the described phenotypic defects of PIC1ox plants most likely originated from chloroplast Fe-overload, which is mediated by overexpressed PIC1 proteins.
PIC1 Overexpression Leads to De-regulated Gene Expression in Flowers
Because flowers of PIC1ox plants showed impaired development in combination with elevated Fe-levels, we monitored differential gene expression by microarray analysis (Affymetrix ATH1 GeneChip) in the identical samples that were used for metal determination (floral stages as depicted in Fig. 5B ). When we compared transcript levels in flowers of PIC1ox line #2 with that of wild-type plants, we found that 1809 genes could be classified as up-regulated, while expression of 1963 genes was down-regulated (Fig. 7, Supplemental To further identify hotspots of regulation, we searched for functional categories that showed a high ratio between numbers of up-and down-regulated genes. The greatest differences pertained to photosynthesis, tetrapyrrole synthesis, mitochondrial electron transport, metal handling, and polyamine metabolism (Fig. 7) . In particular for photosynthesis-associated genes, divergence was striking. Whereas only four genes either with a function in calvin cycle or photorespiration were down-regulated, transcripts of 117 genes increased. The majority of these are coding for proteins directly involved in light reactions of photosystems I and II (e.g. light-harvesting complexes or electron transport chain; for details Table S3 ). Accordingly, genes with a function in tetrapyrrole synthesis only showed up-regulation. Thus, PIC1ox flowers are characterized by elevated Fe-levels and a simultaneous increase in transcripts for proteins with a function in photosynthesis as well as chlorophyll and heme biosynthesis. Since PIC1 was previously described to function in mediating Fe-transport across the chloroplast inner envelope membrane (Duy et al., 2007) and metal handling was another focus for differential regulation of expression in PIC1ox flowers, we took a closer look on metal transport and homeostasis. First, we could confirm that PIC1 transcripts (eleven-fold induction, Table 1 ) and proteins (see Fig. 2C ) were constantly and strongly increased in PIC1ox flowers. Of the eight other genes related to metal transport and up-regulated in PIC1ox flowers, five are reported to function in plastid membranes: FRO7, MAR1/IREG3, NiCo2, YSL6, and PAA1/HMA6 (for details see discussion). In contrast, none of the downregulated metal transporters according to the current knowledge is localized in plastids.
Regulation of metal handling genes (Table 2 ) revealed the same distribution and plastid focus.
On the one hand, proteins from seven of eight genes induced in PIC1ox flowers are plastid intrinsic (FSD1, CSD2, OSA1, FC2, DWARF27, ClpC1/HSP93-V, CUTA). On the other hand, among genes of this functional category that showed transcript decrease, none is in plastids (for details see discussion).
DISCUSSION
PIC1 and Ferritin Are Key Players in Balancing Iron Homeostasis as well as Plant
Growth and Development
Previously we described PIC1 to function in Fe-transport across the inner envelope membrane of plastids and thus to control plastid and cellular metal homeostasis (Duy et al., 2007) . In this earlier study, we found that ferritin protein clusters accumulated in plastids of pic1 knockout mutants. Because in these mutants most likely the major Fe-uptake pathway into plastids was blocked, free iron accumulated in the cytosol, thereby causing severe oxidative damage. In consequence, the plant cell was up-regulating ferritin expression (Duy et al., 2007) . Interestingly, Ravet et al., 2009 just recently showed that in the ferritin knockout mutant fer1,3,4, which is devoid of all ferritins involved in vegetative growth, PIC1 transcript levels were increased in flowers when plants got excess iron. Thus, expression of PIC1 and ferritin is reciprocally regulated: when PIC1 proteins are lacking, ferritin levels rise and when ferritin is missing, PIC1 is increased. This observation was underlined by the finding that in mesophyll chloroplasts from Zea mays, PIC1 belongs to the most abundant proteins identified, while ferritin was not detected. In contrast, in chloroplasts of Pisum sativum, FER1 and FER4 proteins were found, but PIC1 was absent (Table S3 in overload, too. Thus, as shown for leaves, an increase in PIC1 proteins in this case most likely resulted in elevated iron inside flower plastids as well, which was due to enhanced Fetransport and not reduced Fe-storage capacity as for ferrtin knockouts. Hence, in flowers more PIC1 protein causes the same effect as the loss of ferritin, resulting in oxidative damage followed by impaired fruit development as well as a dramatic decrease in seed yield and germination. About mechanisms of the opposite regulation of PIC1 and ferritin expression, we can, however, only speculate. In case of pic1 knockout lines, we think that the massive induction of ferritin expression is a well described reaction upon oxidative stress and increase of cytosolic Fe-levels (compare Duy et al., 2007; Briat et al., 2010) . In PIC1ox lines in contrast, the plants response on regulation of ferritin expression is only slight, but as described above, mutant phenotypes and proposed roles of both proteins during plant development can be closely linked. We therefore conclude that in plastids the functions of PIC1 (Fe-transport) and ferritin (Fe-storage), correlate reciprocally and that both proteins are crucial for balancing iron homeostasis throughout plant growth and development.
PIC1-induced Oxidative Damage is Iron Specific and Originates from Chloroplasts
Oxidative stress of PIC1ox plants most likely originated in chloroplasts as documented by production of H 2 O 2 , plastid intrinsic vesicle formation, decrease in chlorophyll, and Feoverload in leaf chloroplasts. During the life cycle, stress became detrimental for the entire plant, resulting in proceeding leaf chlorosis and reduced biomass. In particular, Fehomeostasis was impaired in flowers and seed tissue, causing severe defects during fruit development. In PIC1ox as well as pic1 knockout (Duy et al., 2007) plants, expression of the Fe-and Cu-dependent superoxide dismutases FSD1 and CSD2, which detoxify reactive oxygen species in the chloroplast stroma (Kliebenstein et al., 1998; Abdel-Ghany et al., 2005) , was differentially regulated. In particular, the pronounced up-regulation of FSD1 in PIC1ox (opposite to the down-regulation in pic1 knockouts), together with the rise of Felevels in PIC1ox flowers and leaf chloroplasts indicates that oxidative stress is due to high iron in plastids. Although described to be cytosolic (Myouga et al., 2008) , recent proteomic According to the regulation of metal homeostasis and photosynthesis genes in PIC1ox and the described phenotypical characteristics, we propose that PIC1-induced oxidative damage is Fe-specific and originates from plastids.
PIC1 Most Likely Functions in Uptake and Sequestration of Iron in Plastids
The metal transport category showed similar, Fe-and plastid-focussed gene regulation pattern as discussed for metal homeostasis genes. In this case five of eight genes with increased transcripts in PIC1ox flowers are reported to function in plastid membranes, while none of the down-regulated genes according to the current knowledge is plastid-localized. The most pronounced increase was for mRNA of the ferric-chelate reductases FRO6 and FRO7, 
The Function of PIC1
The protein NiCo, whose corresponding transcripts are increased in PIC1ox flowers, is targeted to chloroplast envelopes and predicted to function in transport of nickel and/or cobalt ( translocon (Fig. 8B) is not directly transporting iron but rather regulating or modulating a NiCo-like transporter.
Because vesicles in PIC1ox seem to bud from the inner plastid membrane, a function of PIC1 in Fe-handover to either ferritin proteins and/or the FeS-cluster biogenesis machinery (for overview Ye et al., 2006; Rouhier et al., 2010 ) might be possible as well (Fig. 8B) . In consequence, PIC1-induced vesicles in plastids would be overloaded with accumulating proteins for photosynthetic light-harvesting and electron transport, in particular FeS-cluster or heme proteins, which subsequently could not be integrated into functional complexes in thylakoids. This hypothesis is supported by up-regulation of genes for plastid FeS-cluster biogenesis (CpSufE, HCF101), heme synthesis (ferrochelatase) and FeS cluster proteins (GLU1, CAO, TIC55) in PIC1ox (for details see Table S3 ). Thus, the hypothetical model Thus, PIC1 in loose association with the actual protein translocon channels TIC20 and/or TIC110 could deliver iron to the FeS-cluster biogenesis machinery and thereby drive assembly of FeS-clusters into freshly imported proteins as well as subsequent VIPP1-mediated vesicle budding.
CONCLUSION
In summary, the current data strongly suggest a function of PIC1 in mediating Fe-transport across the inner envelope membrane of chloroplasts. Whether this role is in direct transport or more oblique in regulating other transporters or handover of iron still remains to be clarified.
Although we cannot fully exclude an export function of PIC1, according to the PIC1- 
MATERIALS AND METHODS
Plant Material and Growth
All experiments were performed on Arabidopsis thaliana ecotype Col-0 (Lehle Seeds, Round 
Chlorophyll Extraction
For chlorophyll extraction a defined leaf area of 0.64 cm 2 was punched and quickly grinded in 16,000×g for 10 min. Chlorophyll a and b content in the supernatant were measured in a spectrophotometer (750, 663, 645 nm) and calculated as described (Arnon, 1949) .
Detection of H 2 O 2
H 2 O 2 was visually detected by using 3,3-diaminobenzidine (DAB) according to ThordalChristensen et al. (1997) . Leaves were vacuum infiltrated with 1 mg/ml DAB (pH 3.8) for 20 min, followed by DAB-incubation for 8 h at 25°C and subsequent washing in ddH 2 O. The reaction was stopped by 10 min immersion in boiling ethanol. Residual chlorophyll was extracted with fresh ethanol.
Electron Microscopy
For electron microscopy, plantlets were grown for 17 days on plates. Fixation and embedding of leaf tissue as well as preparation of ultrathin sections was performed as described (Duy et al., 2007) . Micrographs were taken with an EM 912 electron microscope (Zeiss, Oberkochen,
Germany) equipped with an integrated Omega energy filter operated in the zero loss mode.
Chloroplast Isolation and Determination of Metal Content
To provide independent biological replicates, chloroplasts were isolated twice from mature leaf tissue of PIC1ox line #2 and Col-0 wild type as described in Philippar et al. (2007) .
Subsequently, Fe-concentration (see below) was measured in 100 µl of lyophylized chloroplast suspension. To estimate the Fe-content per chloroplast, we determined the yield of chlorophyll per fresh weight of leaf tissue initially used for chloroplast preparation. This value was used as a measure for intact chloroplasts and to normalize Fe-levels in all preparations (for data see Supplemental Table S1 ). The observation that we could isolate significantly less intact chloroplasts per g fresh weight from PIC1ox leaves was underlined by the fact that equal leaf areas contained decreased chlorophyll as well (compare Fig. 3B ; Supplemental Table S1 ). Please note that the calculated Fe-content per chloroplast is an estimate, assuming that chlorophyll per fresh weight represents intact chloroplasts.
For concentration measurements of Cu, Fe, Mn, and Zn, 100 mg fresh flower tissue and 20 mg seeds, respectively, were sampled from at least 10 individual plants. Metals in all tissue samples were determined by ICPAES analysis (inductively coupled plasma atomic emission spectrometry) after pressure digestion (Central Inorganic Analysis Service, Helmholtz Zentrum München, Neuherberg, Germany).
Transcript Level Profiling
Total RNA was isolated using the Plant RNeasy extraction kit (Qiagen, Hilden, Germany).
Quantitative real-time RT-PCR was performed as described in Duy et al., 2007 . To decrease biological variation, three samples each of 10 seedlings were harvested and at least two technical replicas were accomplished.
For microarray analysis flowers (compare Fig. 5B ) of mature heterozygous PIC1ox #2 and wild-type plants (PIC1ox #2 wt and Col-0) were used. To provide biological replicates, five
PIC1ox and six wild-type samples (3-times Col-0, 3-times PIC1ox #2 wt) were harvested from 10 individual plants. 5 µg RNA were processed and hybridized to Affymetrix GeneChip Arabidopsis ATH1 Genome Arrays using the Affymetrix One-Cycle Labeling and Control Excess iron can be buffered by ferritin. Right, Overproduction of PIC1 might cause VIPP1-mediated formation of vesicles, which contain elevated Fe-levels and are destined to fuse with thylakoid membranes. Tables   Table 1. Differentially expressed metal transport genes in PIC1ox versus wild type.
Microarry analysis was performed on flowers of wild type (wt) and PIC1ox line #2 (PIC1ox). Microarry analysis was performed on flowers of wild type (wt) and PIC1ox line #2 (PIC1ox).
Names and Arabidopsis
Names and Arabidopsis Genome Initiative (AGI) codes of regulated genes are given.
Localisation ( 
